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ABSTRACT

» Analysis methods, developed in Phase II, for predicting cyclic creep deflection
in stiffened panel structures, were applied to full size panels. Results were
compared with measured deflections from cyclic tests of thin gage L605, Rene' 41,
and TDNiCr full size corrugation stiffened panels for which data were availaﬁle in
the literature. Empirical equations used in the analysis were developed for each
material based on correlation with tensile cyclic creep data during Phase I of the
i program.

Based on results from the study, a design criteria is formulated for metallic

TPS panels subjected to creep. This criteria addresses TPS design considerations,
data requirements for creep analysis, and creep deflection analysis. Also included
in this report are the users'information and listing for the TPSC (Thermal Pro-

tection System Creep) Computer Program developed to calculate creep deflections.
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FORWARD

This report was prepared by McDonnell Douglas Astronautics Company - East
under Contract NAS 1-11774 for the National Aeronautics and Space Administration,
Langley Research Center, Hampton, Virginia. It was administered under the
direction of the Materials Division, Materials Research Branch, with
Mr. D. R. Rummler acting as the technical representative of the contracting office.
The McDonnell Douglas program manager was Mr. J. W. Davis. Mr. B. A. Cramer was
responsible for structural considerations, analytical methods, and data analysis.

The TPSC Computer Program analysis approach was initiated in the MDAC-E
Advanced Structural Technology Group by Mr. O. R. Otto and Mr. J. K. Lehman.
Mr. B. A. Cramer was responsible for development of the TPSC program under the
contract. Mr. M. B. Gedera assisted in programming the TPSC program.

This report covers the period from December 1974 to April 1975.
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i. SUMMARY

Presented in this report are the'results of both>the Phase III and Phasé v
contract phases. Phase III was directed at correlating results of full size panel
cyclic testing based on material cyclic creep response behavior determined in
thase I studies (Reference 1) and analysis capability developed in Phase II
(Reference 2). Full size panel data for this effort, were obtained from the
literature. Phase IV effort was directed at summarizing program results into a
TPS panel design criteria. Phase III is presénted in Sections 2 through 4 of the
report and Phase IV is presented in Section 5. The Users information and listing
for the TPSC (Thermal Protection system Creep) Computer Program developed during
Phase II are presented in Appendices B and C respectively.

Comparisons of predicted and test deflections are presented for L605 panels
and Rene' 41 panels tested at McDonnell Douglas Corporation and for Haynes 25
(L605) and TDNiCr panels tested at Grumman Aerospace Corporation.

Resulting predictions for the L605 and Rene' 41 panels provided good correla-

tion with test results. For both materials there was approximately a factor of

two difference between test deflection results for two identical panels tested

simultaneously. No explanation for this difference could be determined, Pre-~

dictions for these panels were made both at the center, where temperatures were
Lighest and at the panel transverse edges where temperatures were somewhat lower.

For the L605 panels the predicted center deflections were approximately 207% less

rhan the lowest panel test deflection agreed closely with the average test

deflections. For the Rene' 41 panels the predicted deflection was very close to

the higher of the test deflections at the panel center. Sensitivity of predicted

deflections to variations in material gage and test temperature was demonstrated

for the Rene' 41.

iii
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Predictions for the Haynes 25 panel and TDNiCr panel were both low in com-
parison to test deflections although considerable variation was evident in the data
measured for four spans on the TDNiCr panel and the prediction was within the data
range. This variation in test data could not be accounted for by temperature
variations in the panels. The trend in the prediction relative to test deflections
as a function of cycle for TDNiCr was shown to be consistent with prediction
capability of the empirical cyélic creep equation. Test deflections for the Haynes

25 panel were two times higher than predictions.

iv
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1.0 INTRODUCTION

One of the design requirements of reentry vehicle metallic thermal protection

systems (TPS) is that deflections, occurring during ascent and entry mission

phases, due to differential pressure and thermal loading, do not exceed design

thm s s o i

limits., These deflection limitations are established to maintain the aerodynamic

shape, minimize localized aerodynamic heating and to minimize the need for panel

refurbishment. Because deflections include permanent deformation due to creep,
methods for predicting these deformations are needed.

Several arrangements of metallic TPS components have been investigated in the
coures of previous spacecraft studies. The baseline design used in the McDonnell
Douglas Phase B Shuttle Study Program is shown in Figure 1-1., Radiative metallic
panels form the outer moldline. These panels are backed by fibrous insulation
blankets. Differential alr pressure loads on the panels are transmitted by beam
bending to transverse support beams located at approximately a 50 cm (20 inches)
spacing. Retaining straps are attached to the transverse support beams and retain-
ing straps. Longitudinal joints between panels provide normal-to-panel shear
continuity between adjacent panels, preventing joint gapping by forcing adjacent
panels to deflect simultaneously under applied loads. Transverse support beams
transmit loads to support struts which carry the loads to primary load carrying
structure. Drag links, spanning diagonally between transverse support beams and
primary structure, provide support structure system stability and carry longitudinal

loads.

During Phase I (Reference 1) of this program, the influence of cyclic entry
conditions on creep response was investigated for four material alloys: Ti-6A1-4V,

Rene' 41, L605, and TDNiCr. Analysis of tensile creep test data during this phase

resulted in empirical equations, for each material, which describe cyclic creep

1-1
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FIGURE 1-1 TYPICAL METALLIC THERMAL PROTECTION SYSTEM STRUCTURE
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response characteristics as a function of stress, temperature, and time. These
equations were used in conjunction with the time and strain hardening theories of
creep accumulation to investigate creep prediction capability for rvclic trajectory
stress and temperature profiles.

Phase II (Reference 2) was directed toward developing and verifying capability
“or prediction of creep deflection in metallic heat shields subjected to cyclic
vntry environments, |

A computer program, Thermal Protection System Creep (TPSC) was developed for
predicting beam creep deflections (Appendix B and C). This program offers an approach
to creep predictions through application of iterative techniques and numerical
integration. 1In the analysis, panel length is divided into segments over which
bending moments are assumed constant and panel depth is divided into increments
over which stresses and strains are assumed constant.: Using a linear strain
assumption, beam rotations are iteratively determined, based on either the time
hardening or strain hardening theories of creep accumulatiop. Material cyclic
creep response properties were defined by empirical equations developed from tests
of tensile creep specimens in Phase I. The TPSC program capability includes
Jdefinition of temperature as a function of beam length and depth, application of
cwither the strain hardening or time hardening theory of creep accumulation, and
“he application of bending distributions for a full size panel based on the edge
stiffness and the longitudinal and transverse panel stiffness. Progfam output
includes defintion of both elastic and creep deflected shapes, residual stresses,
and creep strains as a function of cycle.

Seventeen subsize panel specimens, 6.35 cm by 3.05 cm, were tested to provide
creep deflection data for verification of prediction capability. Corrugation cross
<ection specimens were fabricated for test using thin gage (+.025 cm) L605, Rene' 41,

Ti~6A1-4V, and TDNiCr sheet material. Rib cross section specimens were also

1-3
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fabricated for test using thicker gage (v.060 cm) L605 and Ti-6A1-4V sheet material.
These materials were procured for use both in Phase I and II. Each test consisted
of cycling the panel for up to 100 entry thermal and bending load profiles represen-
tative of Shuttle entry missions. Testing was conducted in a vacuum furnace, using
a load mechanism specifically designed to apply a two-point panel load that would

be independent of panel deflection. Permanent deflections, due to creep, were
measured as a function of cycle.

Comparisons of subsize panel creep deflection predictions with test results
were made, Generally, good correlation was obtained between predicted and test
deflections.

The objective of the program Phase III effort was to analyze full size panel
creep data obtained from available test programs and to compare test results with
prediction using methods of analyses developed during Phase I and II. Every effort
was made to include all possible variations that could be ascertained from the
documentation that might affect creep response so that as much confidence as
possible could be associated with the comparison of predicted and test results.

To this extent, the documented test data and results are summarized in this report.
In addition, loads, temperatures, and panel geometry data required for creep
analysis are reported.

The international system of units (SI) are used in this report. U.S. Customary
Units are also generally provided. Applicable conversion factors are presen;ed in

Appendix A.

1-4
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| 2.0 Background from Phase I and II

During Phase I and II of this program, the influence of cyclic entry conditions
on creep response of L605, Rene' 41, TDNiCr, and Ti-6Al-4V were investigated and
prediction capability for TPS panel creep deflections was developed. These cyclic
creep data and analysis methods have been applied in the evaluation of full size
panel test data in Phase III. Presented in this section are discussions of Phase T
and Phase II results as they apply to the Phase IIT evaluation of full size L605,

Rene' 41, and TDNiCr TPS panel test data.

2,1 PHASE I - CYCLIC TENSILE TESTING

In Phase I, thin gage tensile specimens were tested under cyclic loads and
temperatures, Initially, creep response data were generated in what was designated
as series of basic cyclic tests. These tests were conducted using the stress and
temperature profiles shown in Figure 2-1 where the time per cycle was twenty
minutes and the time between cycles (required for heat up and cool down portions
of the profile) was 35 minutes. For each material, tests were conducted at three
stress levels at each of four temperatures coverlng the range of temperature
applicability for the respsective materials.

Test temperature ranges were 978K (1300°F) to 1255 (1800°F) for L605, 1033K
(1400°F) to 1155K (1620°F) for Rene' 41, and 1089K (1500°F) to 1478K (2200°F) for
TDNiCr. Stress levels were selected at each temperature to yield 100 cycle

creep strains of up to approximately 1%, the range of interest in analysis of TPS

panels,

Analysis of cyclic tensile test data for each material resulted in empirical
equations describing cyclic creep response characteristics as a function of stress,
temperature, and time. These equations are presented in Table 2-1. Each equation

represents a fit of cyclic data based on regression analysis. For each material
2-1
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? TEMPERATURE
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FIGURE 2-1 STRESS AND TEMPERATURE PROFILES FOR PHASE | TENSILE CYCLIC CREEP TESTS
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considerable effort was directed toward determining appropriate equation forms,
including stress, time and temperature interaction terms, to provide a "best fit"
over the entire range of data resulting in the different equation forms shown.
Typical comparisons of the tensile cyclic data and empirical equation predictions
for each material are shown in Figures 2-2 through 2-4. Generally, the TDNiCr
specimens failed at creep strains below .15%.

Because the empirical equations presented in Table 2-1 were derived from 100
cycle testing for 20 minutes at load per cycle, the total time of applicability of
each of the equations is 33.3 hours. In the analysis of TPS panels subjected to
mission load and temperature profiles, the profiles are "idealized" by dividing them
into steps of constant load and temperature. To investigate the applicability of
the empirical equations to these profiles, tests were also conducted for each
material using the profile shown in Figure 2-1 with a ten-minute per cycle time at
load and peak temperature. Results of these comparisons for each of the 10 minutes
per cycle and 20 minutes per cycle materials are shown in Figuré 2-5 for equal
total time at load. Because close agreement between these test data was obtained,
the equations are considered to be applicable in analysis of idealized mission
profiles where smaller time steps are used. Also, this total time of equation
applicability of 33.3 hours will be important in the analysis of test data where
longer times of the stress and temperature profiles may result in a reduction of

the number of cycles over which the equations are applicable.

Cyclic tensile tests were also conducted where stress was varied as a function
of cycle (stepped stress tests) and where étress and temperature were varied within
each cycle (mission profile tests). These test data were used to evaluate the
applicability of the time and strain hardening theories of creep accumulation.
Comparison of predicted creep strains using these hardening theories in conjunction

with the empirical equations indicated that neither theory consistently provided
2-4
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good predictions. Comparison of strain hardening and time hardening predictions
with L605 cyclic tensile data showed that the strain hardening theory provided the
best predictions for tests where stress was continually decreased as a function of
cycle and the time hardening theory provided the best prediction for tests where
stress was continually increased as a function of cycle. Therefore, an approach
was proposed where both strain hardening and time hardening theories were used at
each analysis step depending on whether the creep strain rate decreased or
increased, respectively. Although this improved predictions for the L605 mission
profile trajectory tests, it did not improve prediction for the other materials.

For Rene' 41, predictions based on the time hardening theory of creep accumula-
tion were generally considered best. Predictions based on the strain hardening
theory of creep accumulation were found to be approximately the same as for time
hardening in predicting strains for testing where the stress was continuously
increased as a function of cycle, Both predictions were close to test values. For
specimens where stress was continually decreased, the time hardening predictions
were up to 307 higher than test strains. However, predictions based on strain
hardening were even higher, up to 75% higher than the time hardening predictions,

Predictions of creep strains for TDNiCr trajectory profile tensile tests using
the cyclic creep equation, were found to be from 30% to 70% of test strains at 100
cycles, The applicability of hardening theories used in panel analysis will
significantly effect prediction capability.

Another variable considered in Phase I tensile creep testing was the possible

effect of recovery phenomena. To investigate this, tests were conducted where the

stress profile was maintained for a longer period of time while temperature was
being decreased rapidly, as shown in Figure 2-6(a). These comparative tests were
conducted on L605 and Rene' 41 tensile specimens. Test results, shown in Figure

2-6(b), indicated that no variation in creep strains could be determined for the

2-8

MCDONNELL DOUGLAS ASTRONAUTICS COMPANV « EAST




bfﬁﬁ;gnom OF CREEP IN PHASE Il NAS—1—11774
~~ METALLIC TPS PANELS SUMMARY REPORT

15
TEMPERATURE PROFILE 20 MIN AT LOAD— '
12— g35wea)
a STRESS PROFILE - ’\‘
E 50 MIN AT LOAD E P 2 W AT LOAD
. 08 {15.9 WPa)
2 & z 50 MN AT LOAD
g - - g Z (43.9 WPa)
5 I I 0.6 —
I I E’/./STRESS PROFILE aiadad shabis Subate Comm AT LOAD
; 1 ' . 20MINATL0AD . | @22
I TIME [} 10 2 o L 50 80
' l 20 MIN CYCLES
50 MIN -

(b) L605AT 1144 K
(a) CYCLE PROFILES

0.3 T
100 CYCLES
P
<
(50 MIN AT LOAD)—|
0.2 ) +1.9 Sy BAND
- / f’
=
-4
[« 4
|4 J
i
& \—(20 MIN AT LOAD)
0.1
"4
0 |
0 20 40 60 80 100 120 140 160

STRESS — MPa

(c) RENE '41 AT 1111 K

FIGURE 2-6 EFFECT OF MAINTAINING LOAD DURING HEAT UP AND
COOL DOWN PORTIONS OF THE CYCLE PROFILE

2-9

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST




~“PREDICTION OF CREEP IN PHASE il NAS—1—11774
~~ METALLIC TPS PANELS SUMMARY REPORT

L605 specimens, as indicated by the strain-time data plots. However, Rene' 41 creep
strain results were consistently higher for each of three specimens tested. These
results, plotted as a function of the stress levels, at 100 cycles are shown in
Figure 2-6(c). This variation in creep strains for Rene' 41 was greater than
expected based on data scatter as determined in the development of empirical
equations. From these results it is difficult to draw conclusions as to the
differences between the mission profile test results and predictions based on
empirical equations developed for the twenty minute per cycle stress level. How-
ever, it has been demonstrated that an effect, due to possibly a material recovery
phenomena, may exist to different degrees in the different materials, which may
effect panel deflection predictions.

The empirical cyclic creep strain equations developed in Phase I were based
on tests conducted on the thin gage sheet specimens (v.025 cm) for each material.
Initially in Phase I, steady state tests were conducted on both these thin gage
materials and also on specimens from a sheet thickness of .064 cm. An effect of
gage on creep response (thin gages creep faster) was noted in the L605 steady state
tests and also in steady state data obtained from the literature. This effect
is attributed to a change in material processing at about t = .064 cm. This type
of effect is discussed here to point out possible effects from sheet to sheet and
due to thickness which may effect prediction capability in applying empirical
equations developed on this program to panel tests from other programs.

For each of the alloys, cyclic tensile creep tests were conducted in Phase I to
obtain data for the assessment of possible effects of atmosphere pressure on creep
response. To provide these data, replicate tests were conducted, using idealized
mission stress and temperature profiles. However, atmospheric pressure was held

constant at 1.33 Pa, in one of the tests while a mission pressure profile was
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applied in the other test. 1In each case variations in creep strain results were
relatively small and were considered within the range of scatter for replicate tests.

Therefore, no effect was attributed to atmospheric pressure.

2.2 PHASE 1T - PREDICTION AND VERIFICATION OF PANEL CREEP DEFLECTIONS

Phase II was directed toward developing and verifying capability for prediction

of creep deflections in metallic heat shields subjected to cyclic entry environments.

A computer program, Thermal Protection System Creep (TPSC) was developed for
predicting beam creep deflections and was used to predict results of subsize panel
testing. Details of this work have been reported in the Phase II Summary report
(Reference 2) and in the TPSC Program User Manual (Appendix B). This program
offers an approach to creep predictions through application of iterative techniques
and numerical integration. 1In the analysis, panel length is divided into segments
over which bending moments are assumed constant and panel depth is divided into
increments over which stresses and strains are assumed constant. The single skin
corrugation TPS configuration with a skin bead, is automatically idealized through
appropriate geometry input to the program. All of the full size panels analyzed
in Phase III were of this configuration.

Using a linear strain assumption, beam rotations are iteratively determined,
based on either the time hardening or strain hardening theories of creep accumula-
tion. Material cyclic creep response properties developed from tests of tensile
creep specimens in Phase I were used in the analysis and because the time hardening
approach provided more consistently the best predictions of subsize panel data in
Phase II, it was used for analysis purposes in Phase III. The TPSC program capa-
bility also includes definition of temperature as a function of beam length and
depth, and the application of bending distributions for a full size panel based on
the edge stiffness and the longitudinal and transverse panel stiffness. The
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capability of including temperature as a function of panel length was utilized in
analysis of the Reference 3 studies (Section 3.1) where temperature distributions
were known.

Moment distributions are internally defined based on uniform pressure loads
and simple panel supports. In addition, the moment distribution can be automatically
calculated as a function of panel edge stiffness and the ratio of panel stiffness
in the longitudinal and transverse directions. This option is based on combining
solutions for an isotropic plate with two sides simply supported and two sides
elastically supported as offered by Timoshenko (Reference 4) and the solution for
an orthotropic plate with four sides simply supported as offered by Lekhnitskii
(Reference 5). This option provides a first order approach to account for Poisson's
effects in orthotropic plate structures. However, this option was not applied to
the analysis of full size panel data in Phase III because of the large ratio of
longitudinal to transverse stiffness for corrugated panels analyzed and because of
the general lack of edge stiffness in the test panels. Edge stiffness was gener-
ally minimized in the full size panel tests to simulate as closely as possible
actual entry vehicle panel conditions.

Both pressure and temperature load inputs are based on idealization of the
test profiles into discrete time steps. During Phase I, cyclic tensile tests were
conducted for both mission profiles and idealized profiles. Comparison of test
results indicated that a minimum number of steps (4 steps used in Phase I testing)
provided good correlation of résults.

The following basic assumptions are made in the analysis:

a) Only bending stresses are considered in the analysis. Deflections due to

shear are assumed negligible.
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b) Total creep strain plus elastic strain distributions through the panel
depth are linear.

c) Load and temperature distributions and calculated deflections are assumed
symmetrical with respect to the panel centerline

d) Creep response equations, defined by the user, are assumed to be applic-
able for both tensile and compressive stresses. In addition, the equations
developed based on Phase I cyclic testing are assumed to be applicable for
the sheet material used in fabrication of the full size panels,

e) Stress distributions are assumed uniform in the horizontal thin gage
sections of the panel cross sections. In particular, the thin gage skin,
loaded in compression, is assumed to carry load uniformly (except as
altered by the My/I distribution iﬁ the bead) across the pitch length.

It is difficult to determine how much each of these assumptions might influence
the predictive capability of the TPSC program. The first three of these assumptions
probably are the most applicable to the analysis. The last two assumptions are of
most concern as to applicability. Certainly the scatter documented in literature
for sheet to sheet variations in creep response as well as variations in TPS panel
skin stress distributions evidenced through strain gage data (References 3 and 6)
and the occurrence of skin buckling (References 2 and 3) noted in TPS panél test~
ing will effect creep deflections. Applicability of the hardening theories to the
real material response will also be an unknown in the full size panel analysis.

Even with all of these assumptions considered, the TPSC computer program has
been demonstrated to provide needed capability for prediction of permanent
deflections, due to creep, in entry vehicle metallic thermal pfotection‘system
panels subjected to complex cyclic loading conditions. The TPSC program is written

in Fortran IV and is operational on the CDC 6600.
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Four L605, three Rene' 41, four Ti-6A1-4V, and two TDNiCr subsize (6.35 cm by
30.5 cm) corrugation stiffened TPS panels were tested to provide creep deflection
data for verification of prediction capability in Phase II. These specimens were
fabricated using thin gage (approximately .025 cm) sheet material, however, the
section geometry was more compact (pitch = 1.91 cm and depth = 1.27 cm) than those
found in the full size panel testing. In addition, no skin bead was used in the
subsize panels. Rib cross section specimens were also fabricated for test using
thicker gage (v.064 cm) L605 and Ti-6Al-4V sheet material.

Testing of subsize panels was conducted in a vacuum furnace, using a load
mechanism specifically designed to apply panel bending loads that would be
independent of panel deflection, Permanent deflections, due to creep, were
measured as a function of cycle. Each test consisted of cycling the panel for up
to 100 temperature and bending load profiles representative of Shuttle entry
missions. Two types of cyclic profiles were used. The first consisted of a
constant load and temperature applied for twenty minutes, with heat up and cool
down periods at zero load yielding total cycle time of fifty five minutes. Two
L605, two Rene' 41, three Ti-6Al-4V, and one TDNiCr subsize panels were tested
to this type profile. The second type of profile consisted of mission temperature
and load profiles for the same total cycle time as for the constant load cycles.
The remainder of the seventeen panels (four L605, one Rene' 41, three Ti-6Al1-4V,
and one TDNiCr) were tested to these mission profiles.

Comparisons of the subsize panel creep deflection predictions with test
results were made in Phase II (Reference 2). Predicted deflections, as a function
of cycle, for the L605 sﬁbsize panels tended to be lower than test values for
approximately 15 cycles and then increase to higher than test values‘by the con-

clusion of the test. This same trend was noted in the comparison of tensile
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creep data and empirical equation predictions. Predicted panel creep deflections
obtained using the time hardening theory of creep accumulation were found to
generally yield the best predictions. Predicted deflections for :he Rene' 41
panels generally were not as close to test values as had been demonstrated in the
case of L605. Again, the time hardening theory of creep accumulation provided the
best deflection predictions, although these predictions were lower than test data
for the mission profile and higher than test data for the constant load and

temperature profiles. Predictions for the Ti-6A1-4V panels generally agreed with

test results. The shape of the predicted deflection curve as a function of time
(or cycle) was in good agreement with the test data which is consistent with the
prediction capability of the empirical equation for Ti-6A1-4V. Predictions for
the TDNiCr subsize panels were a factor of two high in one test and a factor of
two low in the other test. No rational was determined for this apparent incon-

sistency although all deflections were small (v.05 cm).
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3.0 ANALYSIS OF FULL SIZE PANEL DATA

Tbe‘Phase IITI effort consists of evalua;ioﬁ and analysis of full size panel
data. In each case, analysis consists of the idealizatién ofktest‘load and
temperature profiles and calculation of the TPS panel deflections using the
material c&clic creep properties developed in Phase I and creep deflection pre-

diction methods developed in Phase II.

Four sets of panel data were evaluated in this phase. These data were for
L605 panels and Rene' 41 panels tested at McDonnell Douglas Corporation (Reference
3) and Haynes 25 (L605) and TDNiCr panels tested at Grumman Aerospace Corporation
(References 6, 7 and 8). Although it was desirable to evaluate data on panels
for each of the four materials studied in Phases I and II, no test data on testing

of full size titanium TPS panels were found.

3.1 SSTP PROGRAM L605 AND RENE' 41 PANELS

The SSTP program (Supplementary Structural Test Program) was a supplement
to the Space Shuttle System Program Definition, conducted at McDonnell Douglas
Astronautics Company - East. This program consisted of designing, fabricating,
and testing of Space Shuttle primary structure and thermal protection systems.
Purposes of the program were to verify feasibility ofvdesign concebt,‘pbeide
design data, demonstrate producibility, demonstrate reusaBility ana verify unit
weight predictions. Included in this program was the testing of L605 and Rgne' 41
full scale metallic TPS panels.

Each test assembly consisted of two test panels, smaller side panels to
provide proper Boundary conditions, support beams and struts, and a secfion of

simulated tank structure. Figure 3-1 shows the test assembly. The two primary

test panels are each 50.8 cm. x 50.8 cm (20" x 20"). The 12.7 cm (5 in.) wide
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side panels simulated the boundary conditions by isolating the primary
panels from the water cooled test fixture. The support beams for the panels were
50.8 cm (20 in.) apart. The panels were supported by "hat section beams and

retaining straps with sufficient clearance to perhit free expansion. The beams in

turn were supported by tubular struts and drag links. Figures 3-1(a), 3-1(b), and

3-1(c) show the details of this construction. The beam also supported the insula-

tion packages. To accommodate thermal expansion, the panels were mounted with

slip fit joints. For the analysis, the panels were assumed to have simple supports

at the edges because end fixity and friction were difficult to define.

The panels of both materials were the same basic design; single faced,

corrugation stiffened, with beaded face skins and reinforcing doublers on the ends

of the corrugations. The doublers served a dual purpose. They not only stiffened
the corrugation ends, but they were also made thick enough so that after assembly
a light machine cut could be taken across the doublers to make a close tolerance
uniform thickness panel. Panels differed in corrugation depth és shown in

Figure 3-1(d). The shallow beads in the face skins were designed to relieve the
stresses caused by the thermal gradients. Heat treatment of the L605 and Rene' 41
panels were performed in two phases. For the first phase the panels were heated
in air, without any restraining fixtures, so that a high emittance oxide coating
would form on all surfaces. The panels were then clamped and heated a second time,
These coating and straightening operations were incorporated into the normal heat
treating sequence for the materials.

Testing consisted of exposing the structures fo repeated cycles of simulated
mission environment. Each cycle consisted of exposure to assent pressure, entry
pressure and temperature, and cruise pressure, as shown in Figures 3-2(a) and (b)
for L605 and Rene' 41 panels respectively. Blocks of these cycles wére followed

by blocks of acoustic test cycles,
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The programmed TPS differential pressure levels were met during'the entry

Launch differential pressure levels were usually 357 low

phase of the mission.
and cruise differential pressures were 507 low due to high TPS panel leakage.
The Rene' 41 TPS panel was subjected to the complete 100 mission program, while

the L605 panel was exposed to 30 temperature-pressure tests and 100 acoustic tests.

The lamp

Throughout each cycle the panel temperatures, not influenced by the joint, were
controlled during heating. The cooling portion of the mission, however, was

uncontrolled and in all cases cooled somewhat faster than expected.

array used for heating the panels was made in sections creating an unavoidable
Thermocouples were positioned so this gradient could be

gradient in the panels.

measured.
As part of the periodic inspections, the surface of the panels were mapped
The

to detect any warpage or permanent set caused by the simulated missions.
aft panel on each of these assemblies deflected more than the forward panel,

There was no obvious explanation for this difference, although it was probably
caused by some phenomena assoclated with the test set-up. It is possible that the

time at temperature for one panel was consistently slightly longer than the other.

The following sections describe the effort in evaluating data and in provid-

ing cyclic creep deflection predictions for these L605 and Rene' 41 TPS panels,

3.1.1 SSTP PROGRAM L605 PANEL
SSTP L605 temperature data (Reference 3) were reviewed to define actual panel
The

temperature distributions which would be applicable to the panel analysis.

data points for several representative cycles are used in developing the tempera-
As indicated in the referenced report, the

Variation is

ture variations shown in Figure 3-3.
influence of the lamp bank splice was approximately 30K (~50°F).

noted between the panel edge and center temperature levels, however, no significant
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difference can be detected between the forward and aft panels at either the center
or edge locations.

Analysis of the panels was conducted for the reentry portion of the mission
profile (Figure 3-2(a)). This profile was idealized into five constant tempera-—
ture and differential‘preSSure steps as indicated in Figure 3-4. Analysis was

based on using the panel temperature distributions from Figure 3-3 defined as a

function of time by the profiles in Figure 3-4.

Comparisons of creep deflection predictions with measured deflection data
are presented in Figure 3-5. Considerable effort was given to evaluation of the
creep deflection test data. A significént amount of variation was noted as
indicated in the plots of Figure 3-5. Therefore, it is difficult to draw conclu-
sions as to the prediction capability. A careful review of the reference 4 data
did not reveal any differences which would account for the variation in deflection
between the forward and aft panels as indicated in Figure 3—5(3). The prediction
shown is based on the maximum of the temperature range sho&n in Figure 3-3 at the
panel center. Analysis conducted using the minimum value of the temperature range
resulted in approximately a 10% lower creep deflection prediction. The prediction
shown for the panel edge in Figure j;S(b) is based on the corresponding temperature
distribution in Figure 3-3. Predicted deflections are based on the same unsup-
ported span length (45.7 cm) and referenced measurement length (41.3 cm) as used
in the SSTP Program. Data used in the analysis are presented in Tables 3-1(a),

(b), and (c).
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v PRESSURE PANEL TEMPERATURE -~ K (°F)
TIME (MIN) KPa
(PSI) X=0 X=5.1 X=10.2 X=15.2 X=20.3 X=22.9
0 - 1.33 .76 1149 1162 1167 1159 1129 1122
‘ ( .11) (1609) | (1631) ]| (1640) (1627) (1573) (1560)
1.33 - 4.67 .76 1261 1275 1281 1272 1239 1231
( .11 (1810) | (1835) | (1845) (1830) (1770) (1755%5)
4.67 - 7.50 1.65 1261 1275 1281 1272 1239 1231
) : ( .24) (1810) | (1835) | (1845) (1830) (1770) (1755)
7.50 - 8.50 2.48 1256 1269 1275 1267 1233 1225
- : ( .36) (1800) § (1825) ] (1835) (1820) (1760) (1745)
8.50 - 11.33 1.65 1038 1048 1053 1046 1021 1014
. : ( .24) (1408) | (1427) | (1435) (1423) (1377) (1365)
(b) Temperatures and Pressures Along Panel Center
- . PRESSURE PANEL TEMPERATURE ~ K (°F)
TIME (MIN) KPa
(PSI) X=0 X=5.1 X=10.2 X=15.2 X=20.3 X=22.9
0~ 1.33 .76 1076 1108 1115 1108 1090 1088
( .11 (1476) | (1534) (1547) (1534) (1502) (1498)
1.33 = 4.67 .76 1178 1214 1222 1214 1194 1192
- y ( .11) (1660) | (1725) } (1740) (1725 (1690) (1685)
4.67 - 7.50 1.65 1178 1214 1222 1214 1194 1192
7 ( .24) (1660) | (1725) ] (1740) (1725%5) (1690) (1685)
7.50 -~ 8.50 2.48 1173 1209 1217 1209 1194 1187
( .36) (1651) (1716) ] (1731) (1716) (1681) (l676)
8.50 - 11.33 1.65 973 1001 1007 1001 a86 985
( .24) (1291) } (1341)| (1353) (1341) (1314) {1310)

(c) Temperatures and Pressures Along Panel Edge

TABLE 3-1. GEOMETRY AND LOADING DATA USED IN L605 PANEL ANALYSIS
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1200

1100
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FIGURE 3—-6 RENE'41 TPS PANEL MEASURED TEMPERATURE DISTRIBUTIONS
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Initial analysis using a five time step idealization of the temperature and
load profiles (reference Figure 3-4 for L605) indicated that less than 2 percent
of the creep deflection occurred during the first and last time steps due to lower
temperatures than in the other three steps. Therefore, subsequent analysis for
Rene' 41 panels was conducted using the three step idealization of the entry
test profiles as shown in Figure 3-7. The first step at constant peak temperature
was extended in this case by approximately one half minute to compensate for the
deleted two steps.

Comparisons of predicted panel deflections with test data are provided in
Figure 3-8. Three predicted deflection curves are shown for the panel midspan
(Figure 3~8(a)). The two curves of highest predicted creep deflection (designated
A and B) are based on constant panel temperatures of 1144K (1600°F) and 1128K
(1570°F) corresponding to the trajectory profile (Figure 3-7) temperature and the
minimum panel center temperature distribution (Figure 3-6), respectively., These
two analyses show the effect of this temperature variation on the predicted creep
deflections. Both of these predicted curves are based on skin and corrugation
gages of .0216 cm (.0085 in) and .0140 cm (.0055 in), rgspéctively.

In an effort to demonstrate the effect of gage effe;ts on the creep deflection,
a third analysis was conducted (curve C) using the skin and corrugation gages of
.0254 em (.0100 in) and .0178 ecm (.0070 in). The constant temperature of 1128K
(1570°F) was applied, allowing comparison with the corresponding predicted deflec~-
tion presented for the thinner gages (curve B). Again considerable variation was
evident in the deflection data for the forward and aft panels tested. Shown in
Figure 3-8(b) is the predicted creep deflection based on the panel edge tempera-
ture distribution defined in Figure 3-6. The panel dimensions, loads, and

temperatures used in the analysis are defined in Table 3-2(a), (b), and (c).

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST
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FIGURE 3-7 RENE'4I ENTRY PROFILE USED IN CREEP PREDICTION ANALYSIS
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FIGURE 3-8 COMPARISON OF RENE'41 PANEL TEST AND PREDICTED CREEP DEFLECTIONS
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DEPTH = .97 cm (.38 in)
PHICOR = 35.1°
1 AT PITCH = 3.63 cm  (1.43 in)
e— PITCH ——| )
l_.awm.,i I FLAT = .71 cm (.28 in)
R R
-t—- _T CURVE TS = .0254 cm (.0100 in)
DEP
B 15 @ TC = .0178 cm (.0070 in)
DEPTH  TC
.CURVES TS = .0216 cm (.0085 in)
@@ TC = .0140 cm (.0055 in)
PANEL LENGTH = 45.7 c¢m (18. 1in)
L’\ PHICOR BWID = 2.62 cm  (1.03 in)
BDEP = .28 ¢cm (.11 in)
(a) Rene' 41 Panel Geometry
PRESSURE TEMPERATURE (CONSTANT ALONG LENGTH)
TIME (MIN) (g;) CURVE @ CURVE CURVE @
(FIG. 3- (FIG. 3-8 (FIG. 3-
_ 1.03
0 - 4.2 (15)
42 - 7.0 %_gg) 1144 K 1128 ¥ 1128 K
. (1600 °F) | (1570°F) (1570°F)
‘ 3.45
7.0 - 8-0 (.50)
(b) Temperatures and Pressures Along Panel Center
PRESSURE TEMPERATURE ~ K (°F)
TIME (MIN) KPa
(PST) =0 X=5.1- | X=10.2 | X=15.2 } X=20.3] X=22.9
_ 1.03
0 4.2 (-15)
' 2.20 1100 1111 | 1111 | 1097 1083 1081
10-2 - 7-0 ( 32)
. (1520) | (1540) | (1540) | (1515) | (1490) | (1485)
7.0 - 8.0 ?: 28)

(c) Temperatures and Pressures Along Panel Edge

TABLE 3-2. GEOMETRY AND LOADING DATA USED IN RENE’ 41 PANEL ANALYSIS
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3.2 GRUMMAN TDNiCr PANEL

Evaluation of TDNiCr, from the standpoint of creep deflections in TPS panels,
represents a different case than the other TPS materials because relatively little
creep 1s evident in this material before failure occurs. Because of these low
creep strains and resulting low test panel deflections, the data have tended to
exhibit a greater amount of scatter.

The TDNiCr panel data evaluated in this section were obtained from Reference
8. The TPS panel tested consisted of a corrugation stiffened TDNi-20 Cr metallic
heat shield backed by a flexible fibrous quartz and radiative shield insulation
system. The test article represents the intersection of two 50.8 cm (20 inch)
square panels as shown in Figure 3-9. Each panel consists of a beaded 0.025 cm
(.010 inch) skin and corrugation. Detail dimensions of the corrugation cross
section, used in analysis for panel deflections, are presented in Figure 3-10.

These panels were tested to 90 cycles of combined pressure and temperature
loading, simulating critical heating and aerodynamic pressure environments
expected during repeated missions of a reentry vehicle. Prior to these 90 cycles,
the panels were subjected to 10 cycles of heating conditions only. Typical
thermal distributions determined during these cycles are included in Figure 3-9
at various locations on the panels.

Entry test profiles (Reference 8) and idealizations used in the analysis are
shown in Figure 3-11. For purposes of analysis these profiles were idealized into
the three constant load and temperature steps shown. These temperatures were
assumed to be constant along a panel length of 47. cm (18.5 in.). Analysis of the
corrugation panel geometry under the idealized loads and temperature profiles was
conducted using the analytical methods developed in Phase II (Reference 2). The

empirical creep strain equation (Table 2-1) developed in Phase I, was used in the

3-16
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FIGURE 3-10 TDNi Cr TEST PANEL CORRUGATION DEFINITION
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analysis to represent the material creep strain response and the time hardening
theory of creep accumulation was applied.

Shown in Figure 3-12 are comparisons of the predicted creep deflections with
measured permanent test deflections. The test deflections are plotted from
initiation of the combined load and temperature cycles for four midspan locations
referenced to the panel geometry in Figure 3-9. A significant variation is noted
in these test data. 1In the reference 8 report the variation was attributed to the
slightly higher temperatures observed at locations A and B. In addition it was
noted that there was a significant increase in permanent deflection at locations
C and D, between cycles 1 and 9. This was attributed to residual stresses, built
into the panel during manufacture and assembly as well as thermally induced loads.
Therefore, there remains some question as to the true amount of creep occurring
between cycles 1 and 9.

The predicted creep deflections indicate a lower rate of creep than observed
in testing. This is attributed to the empirical equation in the stress and
temperature range applied. The analysis showed that approximately 75% of the
creep occurred during the first load-temperature step in the profile (Figure 3-11).
Temperature during this step was 1478K (2200°F) and calculated corrugation outer
fiber stress was approximately 23 MPa (3300 psi). Comparison of Phase I cyclic
tensile creep data with the empirical equation predictions shown in Figure 2-4
also indicate the lower slope of the predicted strains. The wide variation in

creep deflections cannot be predicted, based on the temperature data.

3-20
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3.3 GRUMMAN HAYNES 25 PANEL

A Haynes 25 (L605) panel was tested by Grumman Aerospace Corporation and
results presented in References 6 and 7. The panel tested was designated as panel
No. 3 in the references and was segmented, as shown in Figure 3-13, into four
separate test panels. The cross section geometry was single face corrugation
stiffened with a skin bead of approximately 0.25 cm (0.10 in.) depth. These
panels were supported at the ends (simple support assumed for analysis) over a
47.2 cm (18.6 inch) span and subjected to a uniform pressure profile of 2.42 kPa
(0.35 psi). The temperature profile used in the cyclic testing is presented in
Figure 3-14. Also shown is the two step idealized temperature profile used in
the analysis. Panel geometry and dimensions used in the analysis are provided in
Figure 3-13. TFor each of the panels, analysis was conducted for two different
temperature levels because of the cycle to cycle test temperature variations as
indicated in Figure 3-15. The time hardening theory of creep accumulation was

applied in conjunction with the L605 cycle creep empirical equation (Table 2-1)

developed in Phase I.

Comparison of resulting predictions with the Reference 6 experimental data,
shown for the NE and SW panels in Figure 3-16(a) and (b), respectively, show that
the experimental deflections are considerably higher than predicted. No ekplana—
tion of this variation between theory and test has been determined based on the .

data in the reference.
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FIGURE 3-13 PANEL GEOMETRY FOR GRUMMAN HAYNES 25 PANEL TESTS
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FIGURE 3-16 COMPARISON OF PREDICTED CREEP DEFLECTIONS WITH
TEST DATA FOR HAYNES 25 PANELS
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4.0 PHASE III CONCLUSIONS

Comparison of permanent cyclic creep deflections, obtained in testing of full
size thermal protection system panels, with predicted values has met with varied
degrees of success. Prediction capability for L605 and Rene' 41 appears to be

reasonably good, although there is much variation in the test data, even for panels

tested simultaneously to the same temperature and load level. Prediction capabi-

lity for TDNiCr appears to be less accurate although recognition of the low creep
rate of TDNiCr has led to minimization of effort on creep response definition
throughout the program. Predictions for the full size panels are summarized in

Table 4-1, showing that prediction accuracies cannot, in general, be expected to

be better than a factor of two. These pfedictions were made using the time harden-
ing theory of creep accumulation.

Resulting predictions of cyclic creep deflection have been shown to be sensi-
tive to both stress level and temperature. This makes prediction capability more
difficult since variations from cycle to cycle were known to occur but may not
have been defined for each cycle. Such factors as an overshoot in temperaturerfor
6n1y one cycle or a few cycles could significantly increase the total test deflec-
tions attained. In addition, the test panels were generally subjected to other
environments such as high launch phase loading and acoustic environments, which
possibly contribute to redistribution of panel relative displacement and variation

in the data.

41
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TABLE 4-1. SUMMARY OF FULL SIZE PANEL CREEP DEFLECTIONS

RANGE OF PREDICTION AS
TEST PANEL TEST DEFLECTIONS PREDECTION % OF TEST
Cm n AVERAGE
L605 .
(Sec. 3.1.1) CENTER .071 - ,127 .064 647%
30 Cycles EDGE .036 - .066 _ .043 85%
Rene' 41 o
(Sec. 3.1.2) CENTER 127 - i330 .033 1447%
100 Cycles EDGE .076 - .239 114 73%
TDNiCr
(Sec. 3.2) .
.013 - .305 .064 40%
50 Cycles
Haynes 25
(Sec. 3.3)
.170 - .290 .100-.120 487
20 Cycles I
4f- 2
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1.

5.0 THERMAL PROTECTION SYSTEM DESIGN CRITERIA

During the course of Phases I, II, and III of this program several factors
affecting creep of metallic TPS and considerations in the design and analysis of
metallic TPS have been identified. During Phase I (Reference 1) tensile creep

testing was conducted on L605, Ti-6A1-4V, Rene' 41, and TDNiCr specimens under

both steady state and cyclic loading and temperature conditions. Test matrices

were established to provide maximum data throughout the temperature, stress, and

| strain range of interest with a minimum number of tests. Resulting data were

l analyzed to provide empirical equations expressing both steady state and cyclic
creep straln as a function of temperature, stress, and time. Additional tests were.
conducted to evaluate other factors influencing cyeclic creep strain such as the
applicability of creep accumulation theories and effects of test time per cycle
and material thickness. During Phase II (Reference 2) methods_were developed fqr
predicting creep deflections of thin gage metallic thermal protection system
panels subjected to complex temperature and loading environments. Subsize panels,
fabricated from the same material as used in Phase I, were tested to provide data
for analysis verification. In the analysis of these data, factors such as

: sensitivity of the prediction to temperature variations were studied and expected

accuracies were noted. Analysis of full size TPS pénel test data in Phase III

provided additional insight into expected analysis accuracies.

This section summarizes program results in a formag which can serve as a
criteria in accounting for creep in the preliminary design of metallic thermal
protection systems. In addition to specific information obtaiﬁed on this program,

applicable experience based on results from other programs felt applicable to

creep of TPS 1s also included.
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5.1 GENERAL CONSIDERATIONS

Critical Design Conditions

TPS panels must first be sized based on strength and stiffness considerations
over the entire range of flight conditions. The material choice is dictated by
the peak temperatures occurring during entry. Critical design conditions have
generally been found to be peak pressure loads and acouétic loadings occurring at
relatively low temperatures during ascent or cruise conditions. Envelopes of
panel strength and flight conditions such as that demonstrated in Figure 5-1 are
helpful in visualizing the critical conditions for these panels. The example
shows the panel to be critical during cruise where the peak pressure is applied
at low temperatures. The panel strength then exceeds requirements throughout the

remainder of the mission.

Panel Deflections

Deflections which must be considered are elastic deflections of the panel
under applied differential pressure loads, thermal deflections which result from
temperature gradients through the panel depth, and permanent creep deflections
which accumulate throughout the life of the TPS panel. Various allowable deflections
have been established such as those in References 9 and 10 which are shown in

Equation (1) and (2) respectively.

8 .25 + ,01L em D)

e

]

.25 + .04L [(B.S.-30.5)/280] cm (2)
where B.S. = VEHICLE BODY STATION

These equations provide for maximum deflections of .75 ecm and 2.25 cm
(@ B.S5.=787 cm (310 in)), respectively for a 50 cm (20 inch) long panelf Allowable
total deflections must be estabiished for each system based on the thérmodynamic
and aerodynamic requirements.
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The relative importance of thermal deflection has generally not been assessed
in past studies. These deflections will be zero during steady state conditions
where temperatures are uniform through the panel depth. During heating, when the
maximum temperature occurs on the outer surface of the panel, the deflections will

be in the opposite direction from the elastic and accumulated creep deflections.

Panel Replacement and Inspection

In the context of panel deflections, a failure will be an excessive deflection
which requires panel replacement. Requirements for the panel design deflections
will result from trading off refurbishment cost against any weight penalty which
might result from the necessity to resist creep deflections.

It is expected that panels in one area of the vehicle might creep much
faster than in other areas due to particular mission maneuvers, etc. Therefore,
replacement of same panels may be required after each mission. It does not seem
to be desirable or possiblé to optimize these panels from the standpoint of
deflection over the entire vehicle since the mission requirements will provide
considerable variation in applied loadings from one mission to another and from
one location to another location on the vehicle. Visual inspection with spot
centerline measurements, using a simple bar/dial gage tool would be sufficient

to detect excessive deflections.

5.2 DESIGN CONSIDERATIONS -~ THERMAL EXPANSION

One of the primary considerations in the design of TPS panels is that the
panel be allowed to expand freely under thermal loadings. Allowances must be made
for thermal expansion both at the panel joints and on the panel surface.

Expansion is generally accomplished at the joints by fixing the panel at one
end and allowing it to slide longitudinally at the other end. Transverse deflec-
tions are accomplished by slotted holes at both attachment locations and by
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providing for expansion in the longitudinal joints between adjacent panels. Typical
designs can be found in References (3) and (11).

Temperature variations along the panel lengthrdue to the heat sink at the
panel support cause thermal stresses in the transverse direction. During heat up
of the panel, the midspan is hotter than ﬁhe edges at the supports causing com-
pressive stresses at the center and tensile stressés at the edges. These stresses

are reversed during cooldown.

The presence of beads relieves the thermal stresses and prevents thermal
buckling (Reference 12) of the thin skin between stiffeners by allowing the skin
to flex as thermal expansion occurs. Analysis can be used to define required bead

depths. Particular attention should be given to the approach for closing out the

bead near the panel ends. Testing (Reference 3) has shown that cracking can occur
! in the skin at the tips of the beads where the beads are transitioned into a
flat skin. It would be desirable from this standpoint to extend the bead to the

panel ends. This, however, complicates the design at the panel joints.

5.3 DATA REQUIREMENTS FOR CREEP ANALYSIS

During Phase I (Reference 1) testing was conducted under both steady state
and cyclic conditions to evaluate the creep response characteristics of the
materials studied and to provide data for use in the analysis for panel creep
deflections. During these studies considerable effort was directed ét obtaining

the required test data.

Test Matrix - Basic Data Required

One of the objectives in evaluating creep deflections should be minimizing
the required testing, However, it is of interest to cover the complete range of
stress, temperature, time, and strain required to provide an adequate material

response definition for use in the analysis. The analyst does not want to be in
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the position where extrapolation of the avallable data is required.

The range of strain which is required will be dependent upon the criteria
for allowable deflection used. As an example of possible calculations it could
be assumed that creep deflections obtained in testing will be approximately 507%
of those obtained using a linear creep stress-strain assumption. This assumption
tends to account for the redistribution of beam stressed due to nonlinear creep

strain~-stress properties. The assumption is expressed in the following equation:

c E
where: AE = BEAM midspan elastic deflection
eg = Maximum midspan elastic strain (extreme fiber)
AC = Beam midspan creep deflection
€. = Maximum midspan creep strain (extreme fiber)

Applying this equation and assuming an elastic deflection based on a uniform
pressure loading the following equation can be derived for creep strain at the beam

midspan.

€=_2—A£€= 28 WL?=192ACY
c AE E 5 WL4 8 E1 L2
384 EI

Where: W = Beam pressure load
L. = Panel length
E = Elastic modulus
I = Panel moment of inertial
Y = Maximum distance from neutral axis to extreme fiber

For a full size panel of 50 cm length, A, = .75 cm (based on .25 + .0lL cm

criteria), and Y = 1.5 cm, the required creep strain would then be ,86%.
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It is of interest to note that if this calculation was carried out for a
shorter TPS panel, the creep strain required to attain the same creep deflection
is higher because the strain is inversely proportional to the square of beam
length. Therefore, use of a deflection criterion with subsize panels results

in requirements for greater creep strains than would be attained in a full size

— panel under the same criterion.

Test matricies can be established on stress-temperature charts upon which

approximate constant strain lines can be drawn. 1In the Phase I studies (Reference
1) these were based on evaluation of steady state literature survey data. Typical
l designs for the test matricies are shown in Figure 5-2 based on the Reference L605
evaluation. Requirements for the designs include:

(1) Test data should be amenable to development of an empirical creep strain
equation. Applicability of each design for satisfying this requirement can be
checked by generating simulated creep strain data using an available equation,
performing regression analysis, and evaluating the resulting prediction equation.

(2) Test temperatures should cover the range of interest for the material
being tested.

(3) Test temperatures and stress levels should produce creep strains in the

i range of interest.

The designs shown in Figure 5-2(a) and (b) include a simple 3 x 3 factorial
design and an orthogonal composite design. They are described in References 14 and
15. Although both designs satisfy the first requirement (1) above, they may
satisfy the second or third pequirements, in this case as Indicated in the figure.

In addition to these two designs, the design shown in Figure 5—2(5) was also
considered because it provides maximum coverage of the test temperature and stress
range of interest. However, it was subsequently demonstrated that the resulting

prediction equation, based on this design, was a function of time only.
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A fourth design considered is shown in Figure 5-2(d). This design allows
testing over a wide stress and temperature range and evaluation of the design
indicated that an empirical equation can be derived from the resulting data.

For the data range of interest in this program it was found that the design
shown in Figure 5-2(d) was best.

The orthogonal composite design (Figure 5-2(b)) was, however, used in the
Rene' 41 evaluation (Reference 1) where the lines of constant strain were found
to be further apart on the stress temperature plot.

A study of proposed test designs is recommended, using applicable regression
techniques, prior to conducting creep tests.

Determination of Empirical Equations

A very large number of equations are found in the literature which have been
developed over the years to describe the complex physical process of creep. 1In
addition, an infinite number of new relationships (or models) can be formulated.

The description of a new equation involves the determination of the relation-
ship between the dependent variable, strain, and the independent variables, such
as temperature, stress, time, thickness, and orientation. A convenient procedure
for determining this relationship 1is the use of multiple regression techniques.
Two parameters associated with this technique are (1) the multiple correlation
coefficient, R, and (2) the standard error of estimate, Sy' The multiple correla-
tion coefficient is a measure of how well the fitted equation explains the
variation in the data (Reference 15). The closer the value of R2 (or R) is